have little influence. From the developing to mature phase of the EP-El Niños that occurs frequently in the latter half of a calendar year, the NECC tends to intensify and shift southward. While the EP-El Niño-related position changes of the NECC is out of phase with its seasonal position changes, the EP-El Niño-related intensity variability of the NECC is in phase with its seasonal modulation. During both types of El Niños, the El Niño-modulated wind stress curl forcing changes the upper ocean thickness, modifying the NECC intensity and central position. The weaker and shorter fluctuations of wind stress curl forcing during the CP-El Niño events induce irregular and insignificant changes of the NECC.
Introduction
[2] Flowing to the east along mean latitudes of 5-6 N in the tropical Pacific, the North Equatorial Countercurrent (NECC) is a convergent current of the westward-flowing North Equatorial Current and South Equatorial Current [Reverdin et al., 1994; Johnson et al., 2002; Hsin and Qiu, 2012] . On average, it transports 10-30 Sv (1 Sv ≡ 10 6 m 3 s À1 ) of the convergent surface warm water from the warm pool in the western Pacific to the east [Wyrtki and Kendall, 1967; Philander et al., 1987; Gouriou and Toole, 1993; Donguy and Meyers, 1996; Johnson et al., 2002] . The warm water carried by the NECC has been regarded as one of the factors resulting in the equatorial asymmetry of InterTropical Convergence Zone (ITCZ) in the eastern Pacific [Richards et al., 2009; Masunaga and L'Ecuyer, 2011] . In addition, the NECC intensity and the barotropic shear between the NECC and northern branch of the South Equatorial Current are important in determining the timing of Tropical Instability Wave events in the central Pacific [Philander, 1978; Cox, 1980; Donohue and Wimbush, 1998; Johnson and Proehl, 2004; Lyman et al., 2005] . The NECC strength is also thought of as a critical factor in inducing the tropical sea level changes [Wyrtki, 1979] and influencing the concentration of nutrients in the western Pacific [Christian et al., 2004; Messié and Radenac, 2006] .
[3] Using multisatellite surface current data, Hsin and Qiu [2012] have recently examined the seasonal variations of the NECC's center and intensity across the Pacific and explored their forcing mechanisms. In addition to its seasonal modulation, the spectral analysis by Hsin and Qiu [2012] revealed the NECC varied on timescales ranging from days to decades. In the past, interannual variability of the NECC has been proposed to be connected to the El Niño/Southern Oscillation (ENSO) events in the literature [e.g., Wyrtki, 1979; Meyers and Donguy, 1984; Kessler and Taft, 1987; Delcroix et al., 1992; Qiu and Joyce, 1992; Johnston and Merrifield, 2000; Johnson et al., 2002; Kessler, 2006] . Most of the studies indicated that the NECC was stronger, or had a larger transport, during the El Niño years (the warm phase of ENSO) [Wyrtki, 1979; Meyers and Donguy, 1984; Kessler and Taft, 1987; Taft and Kessler, 1991; Delcroix et al., 1992; Qiu and Joyce, 1992; Johnson et al., 2002] . The NECC was also found to have a more southerly position during the El Niño years [Taft and Kessler, 1991; Johnson et al., 2002] . Johnson et al. [2002] suggested that the increase of the NECC transport was $25% in the El Niño years. By analyzing tidal-gauge records between 160 E and the dateline, Johnston and Merrifield [2000] found that the NECC intensified about 6 months prior to the peak of El Niño (commonly in 1975 Niño (commonly in -1997 . However, Johnson and Proehl [2004] , from compositing the Acoustic Doppler Current Profiler data between 170 and 110 W during 1991-2001, provided an opposite depiction that the NECC weakened in August-December of the El Niño years. Such a discrepancy could be due to the different data sets and periods used in their respective analyses and it provides one of the motivations to reexamine the NECC variability on the ENSO timescales.
[4] The aim of the present study is to use a fifty-year threedimensional ocean reanalysis data product to investigate the impact of El Niños on the fluctuations of the NECC across the Pacific basin. Because El Niños can be divided into the conventional and non-conventional types [Larkin and Harrison, 2005; Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009; Takahashi et al., 2011] , discussions on impact of the two types of El Niños will be the focus of this study. Section 2 introduces the reanalysis data products, the NECC's dynamic properties, and the definitions for the two types of El Niños. Results and discussions are presented in section 3, and summary is made in the final section.
Data and Method

Ocean Reanalysis Data Product
[5] The data used in this study come from the European Centre for Medium-Range Weather Forecasts ocean analysis/ reanalysis system (ECMWF ORA-S3) [Balmaseda et al., 2008] . It is obtained from the Asia-Pacific Data-Research Center of the International Pacific Research Center (http:// apdrc.soest.hawaii.edu/). The reanalyzed temperature, salinity, sea level height and velocity data are available from 1959 to 2009 and they have a horizontal resolution of 1 Â 1 , 29 levels in the vertical, and a one-month interval. Altimeterderived sea level anomalies and subsurface temperature and salinity data above 2000 m are assimilated into this reanalysis system. Detailed comparisons of the ORA-S3 system with observational data can be found in Balmaseda et al. [2008] . For the purpose of this study, we follow the definitions adopted in Hsin and Qiu [2012] and calculate the NECC's center and intensity in the period of 1993-2009 from both the ORA-S3 15-m velocity data and the monthly Ocean Surface Current Real-time (OSCAR, http://www.oscar.noaa.gov/ index.html) data. The correlation coefficients between these two velocity products for both the NECC's center and intensity are about 0.9, indicating the reliability of the ORA-S3 data for describing the variability of the NECC over the longer reanalysis period going back to 1959.
NECC Center and Intensity
[6] As in Johnson et al. [2002] and Hsin and Qiu [2012] , we calculate the NECC's center (Y CM ) and intensity (INT) by integrating the positive zonal velocity from surface down to the density level of 26-s q (DR26). DR26 can be regarded as the lower boundary of NECC [Johnson et al., 2002] . The definitions for Y CM and INT are
and
where x, y, and z are longitude, latitude, and depth; Y N and Y S are the northern and southern limits of integration; u is the zonal velocity and is set to zero for negative u because the NECC is regarded as an eastward flow. The latitudinal limits of integration are the same as those adopted in Hsin and Qiu 
Eastern-Pacific versus Central-Pacific Niños
[7] While El Niños have been characterized by anomalous warm temperatures in the eastern Pacific [e.g., Trenberth and Stepaniak, 2001] , recent studies have indicated that they can be divided into two types with different formation mechanisms and evolutions [e.g., Larkin and Harrison, 2005; Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009; Takahashi et al., 2011] . Different terms have been adopted in naming the two types of El Niños. In this study, we use the "Eastern-Pacific (EP)" and "Central-Pacific (CP)" to distinguish the conventional El Niño with sea surface temperature (SST) warming occurring in the eastern equatorial Pacific from the non-conventional El Niño with SST warming occurring in the central equatorial Pacific Ocean. Note that the CP-El Niños are identical to the events referred to as Modoki El Niños in other papers [e.g., Ashok et al., 2007] .
[8] Following the definition in Trenberth [1997] , an El Niño is defined as the SST anomalies in the NINO-3.4 area (5 S-5 N, 170-120 W) being greater than 0.4 C and persisting for at least 6 months. To distinguish the two types of El Niños, we refer to the findings in Kug et al. [2009] and regard an El Niño event as an EP-El Niño if the SST anomalies in the NINO-3 area (5 S-5 N, 150-90 W) exceed those in the NINO-4 area (5 S-5 N, 160 E-150 W) over the whole period when the SST anomalies averaged in the NINO-3.4 area exceed 0.4 C. Conversely, a CP-El Niño is defined when the SST anomalies in the NINO-4 area exceed those in the NINO-3 area. Table 1 classifies El Niños with the peak month when the NINO-3.4 SST has the warmest anomalies (hereafter peak month). Sixteen events occurred during 1960-2009 and, among them, ten are EP-El Niños and six are CP-El Niños. All events began in a year and passed through December to the next year, except for the event of 1993 which spanned a period from March to September within 1993. Most of these El Niño events (75%) reached its peak month between October and December.
[9] In the following sections, composite analyses of flow anomalies, DR26, Y CM , INT, wind vector, and wind stress curl are carried out with the zero-time (T = 0) referred to the peak month of each El Niño event. All anomalies are composited without any scaling (i.e., the composite anomalies are not weighted by the strength of El Niños) for EP-and CP-El Niños. ) of the NECC (black line) take place during the El Niño events when the NECC has a larger intensity (red line). Although the La Niña events are not the focus of this paper, we note that the NECC also experiences significant interannual changes associated with negative peaks of NINO-3.4 SSTA.
Influence of the EP-El Niños
[11] By compositing Y CM A and INTA from the ten EP-El Niño events between 1960 and 2009 (i.e., the ten yellow bars in Figure 2) , Figure 3 shows the evolution of Y CM A and INTA from À8 month to 8 month. The southward motion of the NECC (Y CM A < 0) starts from the eastern Pacific ($110 W) four months prior to the EP-El Niños' peak month and this negative Y CM A moves progressively westward and reaches $140 E nine months later (Figure 3a) . The southward movement of Y CM A is estimated at a speed of $0.5 /day to the west, consistent with the westward phase speed of long baroclinic Rossby waves along 5-6 N [Meyers, 1979; Kessler, 1990; Chelton et al., 2003] where the mean Y CM is located [Hsin and Qiu, 2012] . This fact indicates that the El Niño-related meridional shift of the NECC is associated with the westward propagating Rossby waves along the mean pathway of NECC. In terms of the composite INTA (Figure 3b) , the maximal INTA occurs initially in the central Pacific (180 -140 W) half a year Figure 4 to illustrate the evolution of the upper ocean circulation and thermal structures associated with the EP-El Niños. Half a year before the peak month of EP-El Niño, a deepening of DR26 takes place in the east of $160 W along the equator, whereas a shoaling of DR26 appears in the western Pacific off the equator (5-15 N). Afterwards, DR26 along the equator continues to deepen and shrinks to the east after T = À4 month; at the same time, a deepening of DR26 occurs along the east coast of America north of 5 N and spreads out to the west. The former reflects the poleward propagation of warm anomalies as coastal Kelvin waves and the latter, the offshore spreading of baroclinic Rossby waves. As to the evolution of DR26 in the western off-equatorial Pacific, it continues to shoal and extend eastward up to 120 W with a tongue between 5 and 10 N until T = 2 month. Physically, this represents the strengthening of the wind-driven tropical gyre in the western North Pacific Ocean as an EP-El Niño event advances.
[13] The evolution of the NECC is geostrophically related to the changes of DR26, which alter the meridional pressure gradient in the surface layer. Between 5 N and the equator, an anomalous eastward flow in the east of $160 W is intensified by DR26 deepening around the equator from T = À8 month to T = 0 month while that in the west is intensified by DR26 shoaling north of 5 N in the western 
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Pacific. In 5-10 N, on the other hand, the upper ocean current is changed to a westward anomalous flow with the reinforcement of the westward-extended shoaling of DR26 off the equator. As a result of the anomalous eastward flow south of 5 N and anomalous westward flow north of 5 N, the NECC intensifies with its center shifting to the south during the developing-to-mature phase of the EP-El Niños.
Influence of the CP-El Niños
[14] With the increasing appearance of CP-El Niños in the 2000s (Table 1 and Figure 1) , a question arising naturally is whether the CP-El Niños have a similar impact on the NECC as those of the EP-El Niños. The NECC, as can be seen in Figure 2 , does not have a systematic response to the CP-El Niños in terms of its central position and intensity. As shown in Figures 5 and 6 , composite analyses based on the six CPEl Niño events marked in Figure 2 by the blue bars reveal relatively weak and irregular anomalies in Y CM , INT, upperocean current and DR26 in the tropical Pacific Ocean. While the CP-El Niños have been shown to induce large changes in the global climate, even opposite to those induced by the EPEl Niños [Ashok et al., 2007] , their effect upon the NECC in the Pacific Ocean seems to be limited. In spite of this, Y CM east of 120 W shifts to the south prior to the peak month; whereas Y CM west of the dateline changes less before the peak month but moves to the north after the peak month (Figure 5a ). In terms of the INT change, in the west of 120 W, it intensifies before the peak month and weakens after the peak month. Both the intensifying and weakening INT signals tend to propagate eastward from the western Pacific (Figure 5b ). Such changes in Y CM and INT are also discernible in the flow pattern in Figure 6 . In the eastern Pacific, the southward movement and intensification of the NECC before the peak month is ascribed to the DR26 deepening along the equator although its magnitude is not as strong as that in the EP-El Niño composite.
Effect of Wind-Forcing
[15] In order to understand the different behaviors of the NECC's interannual variability during the EP-versus CPNiños, we examine in this subsection the surface windforcing based on, again, the composite analyses. During the EP-El Niños, a positive wind stress curl (WSC) anomaly, which induces upward Ekman pumping and shoals the ocean surface layer, exists around 12 N west of the dateline 8 months prior to the peak month, while a positive WSC anomaly forms around 5 N east of $160 E at T = À6 month (Figure 7) . Afterwards, the positive WSC anomaly around 12 N weakens, whereas that around 5 N intensifies steadily. The changes of these two positive WSC anomalies result in the evolution of DR26 shoaling shown in Figure 4 . Aside from these positive WSC anomalies, negative WSC anomalies prevail north and south of the positive WSC anomalies around 5 N. The northern negative WSC anomaly intensifies from T = À8 month to T = 0 month whereas the southern one has the opposite evolution. The evolution of these two negative WSC anomalies corresponds to those of DR26 deepening in Figure 4 .
[16] As to the CP-El Niños, their associated fluctuations in wind field are less significant (Figure 8) . However, the patterns of WSC anomalies from T = À2 month to T = 2 month during the CP-El Niños are similar to those during the EP-El Niños with a smaller magnitude. The shorter duration and weaker magnitude of the wind fluctuations during the CP-El Niños are consistent with the results reported in the literature [e.g., Takahashi et al., 2011] . This weaker and shorter wind variation leads to the irregular and feeble responses of anomalous flows and DR26 shown in Figure 6 .
[17] It is important to emphasize that the NECC's Y CM and INT signals in each EP-El Niño event can differ (Figure 2) . One good example of this is the 1986/1987 El Niño event in which the NECC did not intensify with its southward shift in Y CM . This event started in August 1986 , peaked in September 1987 , and ended in February 1988 (Table 1) ; also, it spanned the longest duration of 19 months among the 1960s-2000s El Niño events and is the only event persisting through two winters. Comparing the anomalous flow and DR26 fields during the 1986/1987 El Niño event (Figure 9 ) to the EP-El Niño composites (Figure 4) , the evolution of DR26 during June-December 1987 is in general similar to the composite during T = À4 to 2 month, including the westward expansion of DR26 shoaling, the eastward expansion of DR26 deepening north of 5 N, and the westward retreat of DR26 deepening near the equator. However, the anomalous flow in the western Pacific shows a significant difference. From December 1986 to June 1987 (Figures 9b-9e) , an anomalous westward flow took place in 0-5 N west of $160 E, causing a divergence between 160 E and the dateline and a reduction in the NECC's intensity. Afterwards, this divergence moved westward to $150 E in September 1987 (Figure 9f ), the peak month of this event. The difference is attributable to the wind variability in the western Pacific. During March-September 1987 (Figures 10c-10e) , an easterly wind prevailed in the western Pacific rather than a westerly wind presented in the composite maps (Figure 7) . Meanwhile, in the western Pacific a negative WSC anomaly appeared north of 10 N, resulting in a local deepening of DR26 and a westward anomalous current. This outcome leads to the failed intensification of the zonally averaged NECC during the 1986/1987 EP-El Niño event.
Summary
[18] A three-dimensional ocean reanalysis data set is used in this study to investigate the variability of the Pacific NECC on the interannual timescales. The NECC is strongly influenced by the El Niño events, especially those of the EPEl Niños. Accompanied by the changes in the upper ocean thermal structures, the NECC tends to move equatorward and intensify during the developing to mature phase of the EP-El Niños. This EP-El Niño-induced variability modulates oppositely from the seasonal changes in the NECC's center and intensity. Specifically, on the seasonal timescale, the NECC tends to weaken (strengthen) as it moves equatorward (poleward) in the first (latter) half of a year [Hsin and Qiu, 2012] . In comparison, the NECC variability resulted from the CP-El Niños is relatively small and no systematic response is found in the NECC's central position and intensity.
[19] During the developing to mature phase of both types of the El Niños, a positive wind stress curl prevails zonally around 5 N from the western Pacific to the eastern Pacific with negative wind stress curls existing on the both sides of this positive wind stress curl in the eastern Pacific. In addition, a positive wind stress curl appears north of 5 N in the western Pacific. These positive and negative wind stress curls govern the DR26 evolution around the NECC area, and modulate the upper ocean circulation, including the NECC, on the interannual timescales. However, fluctuations of wind during the CP-El Niños are much weaker and persist for shorter durations than those during the EP-El Niños. As a result, the CP-El Niño-induced flows are chaotic and less significant. Figure 10 . Same as Figure 9 but for 500-2500-day-bandpassed anomalies of wind vector (arrow) and wind stress curl (shading).
